The nucleotide sequence of Escherichia coli DNA at both ends of the gene for 16S rRNA has been determined for two rRNA operons, rinD and rrnX. The 400 nucleotides we have examined exhibit only one base change between mnD and rrnX Within the 160 RNase III was originally identified as an Escherichia coli endonuclease capable of cleaving completely double-stranded RNA (1) to fragments about 15 nucleotides long (2, 3). Later the enzyme was shown to be responsible for the site-specific processing of bacteriophage T7 mRNAs (4, 5) and for the extremely rapid conversion of primary transcripts from the E. coli rRNA operons to more immediate precursors of the 16S, 23S, and 5S rRNAs (5-8).
tRNA1T1e, the first tRNA appearing in the 16-23S spacer region of rinD and rnnX Most importantly, the DNA sequences predict that regions flanking the 16S gene in the rRNA primary transcript extensively base pair to form a double-helical structure whose hairpin loop includes the entire mature 16S molecule; within this structure is a 26-base-pair stem containing the two sequences at which RNase III action generates the 5' and 3' ends of a previously characterized precursor to 16S rRNA. Although our proposed secondary structure for this RNase III site is superficially dissimilar to previously described cleavage sites in the T7 early mRNA precursor, certain common features may constitute signals for RNase m recognition. The suggestion that distant portions of an RNA molecule can form a secondary structure within which specific endonucleolytic cleavages occur may have mechanistic implications for the joining of noncontiguous portions of gene sequences evident in several eukaryotic mRNAs.
RNase III was originally identified as an Escherichia coli endonuclease capable of cleaving completely double-stranded RNA (1) to fragments about 15 nucleotides long (2, 3) . Later the enzyme was shown to be responsible for the site-specific processing of bacteriophage T7 mRNAs (4, 5) and for the extremely rapid conversion of primary transcripts from the E. coli rRNA operons to more immediate precursors of the 16S, 23S, and 5S rRNAs (5) (6) (7) (8) .
Recent examination of the regions surrounding four RNase III cleavage sites in the T7 early mRNA precursor (refs. 9-11; J. J. Dunn, personal communication) revealed a lack of extensive sequence homology. However, the local secondary structure appeared to be highly conserved; every completely sequenced RNase III site could be folded into a hairpin loop consisting of two helical segments (each containing 9-11 base pairs) separated by an internal loop (bubble) within which chain scission occurs on one or both sides.
RNase III sites in the E. coli rRNA transcript (30S pre-rRNA) have previously been characterized only with respect to the size, the oligonucleotide fingerprint, and, in some cases, the terminal sequences of the product molecules. Best studied is 16SIII (7), which is generated by the action of purified RNase III on isolated 30S pre-rRNA in vitro. 16SIII was shown by all the above criteria to be identical to a 17S precursor of 16S rRNA typically isolated from pulse-labeled (12) (13) (14) or chloramphenicol-treated cells (15) or from several E. coli mutants defective in ribosome assembly (15, 16 
RESULTS
The transducing phages XdaroE (17) and Xdilv5 (18), carrying two distinct E. coli rRNA operons, were obtained from James Friesen (York University). The location and polarity of the rRNA operons were determined by mapping cleavage sites for the restriction endonucleases Sma I and BamHI on the two phage DNAs (Fig. 1) , then hybridizing 32P-labeled 16S and 23S rRNAs to the DNA fragments, according to Southern (19) , generated by digestion with these two endonucleases. Finer mapping of the regions surrounding the ends of the 16S gene was undertaken with the restriction endonucleases Hinfl, Alu I, and Mbo I by using the partial digestion technique of Smith and Birnstiel (20) on 5'-end-labeled Sma I and BamHI products. Evidence for these assignments will be presented elsewhere. Some, but not all, of the cleavage sites within the 16S gene could be predicted by the RNA sequences of Ehresmann et al. (21, 22 ) (see below).
DNA sequence analysis of the fragments indicated in Fig.  1 was carried out as described by Maxam and Gilbert (23) . Fig.  2 displays data obtained from the analysis of one strand of Xdilv5 DNA through the regions of interest. Both DNA strands from both operons were sequenced to generate and confirm the sequences given in Fig. 3 . Portions of the sequences shown are identical to those determined for the 5' and 3' ends of mature 16S rRNA (22) , demonstrating that we have examined the desired segments of the two rRNA operons.
DISCUSSION
We have determined the primary structure of E. coli DNA surrounding the termini of the 16S rRNA gene. In the two rRNA operons examined (rinD and rrnX),* only one point of heterogeneity [located at -30 ( Fig. 3) ] appears in the 160 base 3593 The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (22) . Negative numbers are 5' and positive numbers 3' to an end; ' denotes sequences surrounding the 3' terminus of 16S rRNA.
-designates the regions sequenced oh both strands for both operons.
pairs preceding the mature 16S sequence. No differences are observed in the 240 nucleotides that begin 160 base pairs before the 3' terminus of 16S rRNA and end in the first tRNA gene of the 16-23S rRNA spacer, that for tRNA1nIe (refs. 24 and 25; unpublished data). The high degree of sequence conservation suggests that these regions are important to rRNA biogenesis; however, they apparently do not include the promoter(s) and transcription start site(s) which probably lie to the left of base pairs -160 in Fig. 3 , as indicated by the in vitro experiments of M. Cashel (personal communication).
Structure of the RNase III Recognition Site. Our DNA sequences predict that the regions that flank the 5' and 3' ends of mature 16S in the 30S rRNA precursor can be extensively base pakred, as shown in Fig. 4 . Within a larger, but imperfect, helical region is an uninterrupted 26-base-pair stem containing sequences previously determined for the termini of 16SIII (7) : pUpGp at the 5' end and GpCpUpCpApCpApCpAOH at the 3' end With only one exception,t all 9 large T1 oligonucleotides formerly assigned by several groups (7, 8, 15, 16) to the precursor portions of 16SI1 or 17S rRNA are accounted for by the sequences between DNA base pair -116 and the mature 16S 5' end or between the mature 3' terminus and base pair 3' (Fig.  3) . Thus, we can unambiguously locate the scission that generates the 3' end of 16SM (see Fig. 4 ), but the exact position of the 5' cut remains uncertain. There are three tandem UG sequences appearing opposite the 16SIII 3'-end sequence in Fig.   4 ; fingerprint analysis of specific fragments derived in vitro from this portion of 30S pre-rRNA (26, 27) Fig. 3 ).
somal DNA with the electron microscope, observed giant secondary structure loops which they attributed to "inverted repeat" sequences flanking the 16S gene. Such structures appeared even when 16S rRNA was-hybridized to the template DNA strand, indicating that the interaction involved sequences external to those specifying the mature 16S molecule (28 9), certain sequences do recur; for instance, pGAU is a predominant T7 5' end (9) (10) (11) 31) examined product molecule (7, 9, 31) . (v) At both the rRNA site in Fig. 4 and the one T7 site where two phosphodiester bonds are cut (9) , cleavages occur nearly opposite each other in the RNA secondary structure. Clearly, RNase III demands at least some double-stranded character in order to recognize and cleave a natural substrate. Furthermore, it is interesting that the 26-base-pair stem of the rRNA structure proposed in Fig. 4 is comparable in length to the sum of the two stems plus the internal bubble that comprise the RNase III cleavage sites in the T7 early mRNA precursor.
However, it remains unknown whether the precision with which RNase III cleaves 30S pre-rRNA is dictated by specific sequences within the double-helical region of Fig. 4 or whether the mere length of the stem might align the enzyme for exact cleavage.
Sites for Other Ribonucleases. Fig. 4 also indicates bonds cut by several additional endoribonucleases known to act on rRNA precursor molecules. Three of these are likely to participate in the in vvo maturation of stable RNAs. They are: (i) the RNase M16 (27) , which generates the mature 5' end of 16S rRNA; (ii) an enzyme that cleaves at the 3' end of 16S rRNA (32); and (iii) RNase P, which presumably produces the 5' end of the tRNAIle and is believed to recognize some aspect of the overall secondary/tertiary structure of tRNA molecules (33) . Cleavage sites for two other endoribonucleases that may only act in vitro (26) or when the normal pathway of 16S maturation is obstructed (27) are also indicated; these cut the 5' precursor portion of 17S RNA at two different sites to generate the RNase M16 fragment ((I) in Fig. 4 ) and "spot 9" (S in Fig. 4) , respectively, and are described in detail elsewhere (26, 27) . Interestingly, the majority of the above nuclease cleavages occur in single-stranded stretches of the structure illustrated in Fig.  4 . However, after certain cuts have occurred, the structure in this region may rearrange (see ref. 27 ). Sequences Near the 3' End of 16S rRNA. The 50 3'-terminal residues that our DNA sequence predicts for mature 16S rRNA match the sequence previously determined (21) for the fragment released by colicin E3 (34, 35) . However, the preceding 111 nucleotides differ extensively from the 16S rRNA sequence originally reported by Ehresmann et al. (21); a recent modification of that work (22) markedly reduces, but does not eliminate, discrepancies. Our sequence, which has been confirmed by H. Noller (personal communication) for a third 16S gene (rrnB), may alter the interpretation of data gathered in studies of 30S ribosome structure using kethoxal modification (36) , partial RNase digestion (37) , and specific RNA-protein interactions (38) .
Further Implications. What is most remarkable about the nucleic acid secondary structure that can be drawn for regions surrounding 16S rRNA in the E. coli 30S precursor molecule is that it predicts the ability of distantly spaced, complementary RNA sequences to come together to form a functional enzyme recognition site either in the absence (7) or the presence (39) of ribosomal protein assembly. One physiological consequence of this unusual configuration is that the entire 16S gene would have to be transcribed before the first cleavage event in normal rRNA biogenesis could occur.
At present we do not know whether rRNA transcripts in eukaryotic cells are also processed by RNase III-like enzymes whose action depends on base pairing of RNA sequences thousands of nucleotides apart. However, it is not inconceivable that RNA scission by an enzyme similar to RNase III followed by ligation of the two newly created ends could achieve the precise "splicing" of distant portions of several eukaryotic genes that has recently become evident in their corresponding mRNAs (see ref. 
